The electrochemical science that makes many energy conversion and storage technologies work rests on our knowledge and understanding of heterogeneous materials and material systems. The function and functionality of those systems share many common features across a wide range of technologies including fuel cells, batteries, capacitors, and membranes. The science that controls that functionality for these complex material systems is typically summoned in fragments to design a specific device. The present paper discusses an attempt to create a codified multiphysics approach to that general subject, across multiple scales in space and time, for heterogeneous functional materials, or "HeteroFoaM" as we call it. The scope of the paper will be necessarily limited to a general definition of the problem focused on a few specific examples of the progress made for directions that support technologies such as conversion of chemical energy to electricity, membranes for selective transport, and charge storage devices. The principal motivation for this approach is to establish the science that controls emergent properties in heterogeneous functional materials as a foundation for design of functional material systems with performance not bounded by constituent properties. 
HeteroFoaM as a Foundation Concept
The general concept of heterogeneous functional materials as a genre of material systems is presented in Fig. 1 . As depicted, that general material has at least two solid phases, associated interfaces and phase boundaries, and a void phase which may function as a conduit for liquid or gas transport, i.e., a porous composite. Typically, energy, charge, and mass flow into and out of the system as a domain, so that at the global level one must consider the balance of mass, momentum, energy and charge. Since we wish to establish the fundamental science of such a functional material system, our ultimate goal is to use that science to design the details of the HeteroFoaM, i.e., to specify the constituents, their morphology and geometry, and their interfaces (or interphases) to achieve a specified system function, such as converting a liquid fuel to electricity.
One of the greatest challenges and opportunities associated with the design of heterogeneous functional materials is to establish a rational and systematic approach to the specification of the extrinsic features of the material system. Some of the extrinsic features of HeteroFoaM materials design are illustrated in Fig. 2 . At the atomic level, defect chemistry has opened a new world of material design for conduction, transport, and dielectric character. For bulk materials, new atomic level analysis methods have provided a foundation for understanding and designing oxygen vacancy formation to enhance ionic conduction, delocalization of charge to enhance electronic conduction, and oxygen migration to enhance oxygen transport in solid oxide fuel cell (SOFC) cathodes, for example. 1, 2 For functional surfaces and interfaces, quantum mechanics analysis has been combined with analysis of surface and interface processes to establish rate equations for electrochemical reactions. 3 These and other advances by our HeteroFoaM Center team and their collaborators present essential elements of a foundation for rational constituent design of electrodes and mixed ionic and electronic conductors (MIECs) from first principles. This robust and complex story will be the subject of subsequent publications.
At the nano-level, recent discoveries indicate that there are many options for design, involving nano-phase distributions that, for example, enable the creation of new mechanisms for pseudo-capacitance in heterogeneous nano-materials involving combinations of redox and charge delocalization to achieve orders of magnitude increases in charge storage in such materials. 4, 5 This, too, is a robust opportunity that we will discuss in detail in another venue.
The present paper addresses three examples of the design of heterogeneous functional materials that have foundations at the meso-level as a demonstration of the HeteroFoaM concept and approach. First, we discuss the design of electrodes for intermediate temperature SOFCs with the general focus of accommodating the conversion of chemical energy from liquid fuels to electricity. Second, we discuss the design of MIEC solid state membranes for separation processes. And third, we address designing non-dilute heterogeneous dielectric mixtures for charge storage.
A final feature of the paper is the discussion of emerging properties in heterogeneous functional materials. This discussion has two elements. First, we briefly introduce the principles of collateral action vs. synergistic action of the constituents of a HeteroFoaM. If the contribution of constituents to global properties is largely or exclusively determined by their individual properties, they simply act together, with the general laws of mixtures applicable to their collective collateral performance. If the constituents interact with each other, the global response may be very different from the properties of the individual constituents, and they are said to be emergent. In that case, the fundamental science of constituent interaction is essential to the design of the material system, and the system properties are not constrained by the individual properties of the constituents. HeteroFoaM material systems are most often in the latter category. And because these systems (as shown in Fig. 1) usually involve an open domain (with, for example, fuel flowing in and out, etc.), they are often not in equilibrium, and not conservative. These characteristics give rise to a discussion of material state changes, the second fundamental element that drives emergent properties. We will close the present paper with a brief discussion of this basic characteristic of HeteroFoaM design.
Design of SOFC Electrodes
The concept of a HeteroFoaM element can be introduced and motivated by the important application of conversion of liquid chemical fuels to electricity with Solid Oxide Fuel Cell (SOFC) devices. The following sections will then develop the concept of the HeteroFoaM approach to SOFC electrode design.
An SOFC can be operated on multiple fuels, including liquid fuels such as ethanol and jet fuel utilizing catalyst reforming. The reformation process breaks H-C bonds into hydrogen rich gases or syngas which can be directly fed into SOFCs with technology currently available. The example provided here was a breadboard JP-8 SOFC system, which consisted of several sub-units: liquid fuel delivery, on-board miniature desulfurizer, vaporizer, catalyst reformer and an SOFC stack. The design of SOFC electrodes (both anode and cathode) follows familiar general principles: maximizing the triple phase boundaries (TPB) and conductivities while maintaining stability. Anode-supported tubular SOFCs were used in this example. The porous microstructure of the nickel-based anode was essentially similar to that shown in Fig. 3 . For portable applications, catalytic partial oxidation (CPOX) is a choice for JP-8 reforming due to its operational simplicity. The reforming catalyst can be uniformly coated onto porous ceramic supports, as shown in Fig. 3b (catalyst details are proprietary). We assembled a stack of tubular cells that generated over 100 watts of electric power and demonstrated reasonable stability and tolerance to sulfur over the tested 40 hours. Previous results have been published for SOFCs operating on other legacy fuels for over 1000 hours. 6 These and other state-of-the-art results have been achieved on the basis of experience and Edisonian innovation, gained over a period of many years. They are the result of a collection of art and science which enables us to make a better fuel cell, but does not represent a Figure 2 . Illustration of the multiple space scales required to specify the design of a heterogeneous functional material system. foundation for making fuel cells better. When lower temperature operation is needed, for example, to reduce cost, or when the inevitable variations in the chemical composition of liquid fuels are to be accommodated, or when regenerative or reversible SOFCs are to be designed, candidate materials are subjected to trials in myriad combinations. There is no comprehensive rational foundation for the knowledge based design of the functional material systems that must be created to make them work well. The present approach addresses that need.
Challenges in SOFC electrode design.-A solid oxide fuel cell electrode can be viewed as a system where ionic and electronic conduction takes place concurrently with gas-phase transport of reactants and products, respectively to and away from the electrochemically active sites. In the present work, efforts were made to reduce the polarization resistance by extending the active zone beyond the triple phase boundary (TPB) between the electrolyte and electrode. This effort included the development of porous electrode materials made of either a single-solid phase material exhibiting sufficient mixed ionic and electronic conduction, such as lanthanum strontium cobaltite ferrite (LSCF), or of heterogeneous materials, such as lanthanum strontium manganite and yttria-stabilized zirconia (LSM-YSZ). For both electrode types, button cell experiments have highlighted an exacerbated influence of the manufacturing processing parameters on the polarization resistance and material stability upon operation.
Modeling approaches for electrode design have mostly focused on the case of heterogeneous electrode materials. They seek to provide guidance in the choice of the phase materials, the particle sizes of starting powders and volume fractions, including functional grading, to maximize the available triple-phase boundaries and transport within the structure. Tailoring of the coefficient of thermal expansion to ideally ensure shielding compressive stress in the thin layer is typically not included in the analysis. One approach is based on isothermal continuum composite electrode models coupled with percolation theory for the prediction of the effective conductivity and TPB length. [8] [9] [10] [11] [12] Another consists in applying discrete element methods to a domain of numerically sintered packed spheres, which provide a more rigorous treatment of grading and information into the effects of local geometry on the electrode properties. 13 Approaches are restricted to electrode fabrication routes that produce structures complying with the used idealized representation and possible combinations of materials where the elementary steps of the electrochemical reactions do not extend far beyond the TPB. Guidance is provided in terms of metrics that do not uniquely describe a structure. These are nonnegligible limitations in the light of, among others, the crucial effect of the conditions during the reduction of the NiO-YSZ anode material before operation and continuous progresses of fabrication techniques toward a deterministic control of the produced structure. They partly explain why these modeling approaches have been used as electrode enhancement tools, rather than implemented as part of an optimization problem. As of today, their outcome still mainly consists in the explanation of experimentally observed trends, rather than driving design for expected performance.
The limitation of most models for electrode design to support specific fabrication routes is not the only reason why screening experiments largely remain the preferred choice for electrode development. The aforementioned view of an SOFC electrode is incomplete and cannot bridge the multiple relevant time and space scales depicted in Figure 2 with sufficient versatility, coherence and level of details. For design purposes, the electrodes should be treated as a heterogeneous system of functional materials following the HeteroFoaM concept and methodology defined and described. There, transport within the heterogeneous structure is not limited to that of ion, electron and gaseous species involved in heterogeneous energy conversion reactions. Thermodynamic potential gradients develop in the heterogeneous structure depending on the local conditions in an SOFC during constant load operation, following of the electrical load demand, or thermal cycling induced physico-chemical alterations of the phases. Processes involving the material constituents, such as surface segregation, demixing or gas-phase transport promoted by the formation of volatile species are indeed ascertained or suspected for most common SOFC materials. 14, 15 Impurities within the starting materials and external contamination further promote detrimental alterations of the heterogeneous structure. 16 As a consequence, electrodes must be treated as a heterogeneous system of functional materials.
Screening experiments become excessively time-consuming and of questionable reliability for lifetime predictions under various conditions. The current knowledge is however not yet sufficient to treat electrode design as an optimization problem that includes all relevant aspects. Recent advances at the spatial scales depicted in Figure 2 foresee such capability in the future. Representations of heterogeneous structures are in this view needed to process the knowledge of the constituent materials and their interfaces gained at the atomic and nano-scale, and from 3D measurements for integration into numerical or analytical analyzes at the mesoscale. Emphasis is placed on capturing the contribution of local geometrical features to the material functionality, while maintaining the computational demand of each procedure in the view of degradation analyzes and assessment of optimization based on morphological and topological manipulations of measured or artificially generated 3D structures.
3D nanoscale imaging of electrode structures.-The 3D structure of SOFC materials is commonly measured by serial sectioning using a focused ion beam-scanning electron microscope (FIB-SEM). X-ray nanotomography (XNT) based on absorption contrast imaging with a full-field transmission X-ray microscope (TXM) has become a viable alternative, thanks to progressive improvements in the spatial resolution, from around 50 nm 18 down to 17 nm recently. 19 It can be applied as well to the analysis of composite MIEC membranes and other energy materials as described in subsequent sections. TXM has several interesting advantages but its use as a spectroscopic tool is limited by the availability of synchrotron X-ray sources.
18 Figure  4 is a schematic view of the arrangement of the main TXM optical elements for XNT. 3D data are obtained by reconstruction, using a filtered back projection or an iterative reconstruction algorithm, from 2D projections gathered during stepwise rotation of the sample over 180
• . The number of projections typically varies between hundreds to thousands per energy level depending on the material features and required 3-D spatial resolution. The image quality is significantly increased by producing cylindrical samples by FIB milling to guarantee a uniform cross-section throughout the rotation. 20 X-ray nanotomography is non-destructive, which makes it possible to track structural changes "in situ" or "in operando" under polarization; to follow critical steps of an SOFC electrode during manufacturing processes; or to follow the reduction process of a Ni-YSZ anode before operation and after reduction-reoxidation cycling. Our approach for heterogeneous materials representation has been developed to effectively process such data. Near edge differential absorption imaging enables elemental mapping of either the desirable or detrimental formed phases, within the limits of X-ray source, as shown in Figure 4 .
21 X-ray absorption near edge structure (XANES) spectroscopy can further enhance detection sensitivity and provide the knowledge of the oxidation state of the elements. 22 This approach can potentially provide the 3D distribution of the oxidation state of transition metals in common MIEC cathode materials, such as Co or Fe in LSCF, but its deployment practically remains challenging and currently limited to averaged measurements under the conditions of SOFC cathode operation. 23 The section on Meso-design for Charge Storage and Polarization Management provides the details of the imaging parameters for XNT of a single solid phase MIEC material. . Process to generate a digital structure from a real SOFC electrode (Ni-YSZ anode) (a) Reconstruction of the X-ray nanotomography data of a cylindrical sample produced by FIB to generate a grayscale digitized dataset (shown by the ortho-slice), which is then thresholded to produce a digitized volume element representing the distinct phases (Ni, YSZ, pore) of the electrode. A region of interest (ROI, red frame) is extracted for further analysis. (b) The ROI is thresholded for each phase and skeletonized (only YSZ and unconnected Ni, for this specific sample, are shown). (c) Each phase is segmented into channels and particles, which (d) are characterized to yield structural parameters. (e) The structure representation provides the topological and morphological information required by analytical or numerical modeling approaches. Upper view: potential distribution in the YSZ phase provided by an ohmic loss calculation using electrochemical fin theory. Lower view: determination of path between the top and bottom faces that minimize the inverse of the total triple-phase boundary on a particle.
3D skeleton, which describes a phase volume as a set of vertices connected by edges, to partition the structure into particles for analysis of the relationships between geometry and properties of the material. The procedures implemented in Matlab and Avizo are indifferently applicable to multi-phase sample volumes obtained from segmentation of XNT or FIB-SEM data or generated artificially. They have been developed to characterize heterogeneous materials containing percolating phases, purposely added dispersed nanoparticles, or undesirable phases formed in operation because of material instability or contamination. Figure 5 shows the implemented steps in the processing and analysis of XNT data (a) with our partitioning approach (b,c,d) and electrochemical fin modeling approach (e and Section "Meso-design of HeteroFoaM SFM material to Manage Polarization in SOFC electrodes"), with the aim of providing guidance for design. Ref. 24 describes in more detail a version of our partitioning approach applied to single-solid phase materials.
The 3D skeleton is first extracted for each phase separately by topological thinning of the distance map, 25 which is intuitively a peeling process to a single voxel thickness (Figure 5b ). Operations on the phase volume prior to the calculation of the distance map for skeletonization and further manipulations of the extracted skeleton allow some level of control to generate an appropriate skeleton for partitioning of the structure. Labeling, filling and padding are optionally applied prior to the computation of the distance map to prevent loss of isolated regions and unrealistic partitioning of particles containing inclusions of other phases. The skeleton is then manipulated from analysis of the connectivity, location, geometry and local thickness evaluated from the distance map value information, of each edge.
Design of HeteroFoaM Membranes
Function and significance.-Ceramic membranes which transport oxygen ions play an essential role in a number of energy conversion related systems including oxygen separation and permeation membranes. [26] [27] [28] [29] Materials typically used in combustion devices to support oxy-fuel combustion or for partial oxidation reactions involving the production of synthesis gases, require mixed oxygen ion and electronic conduction. MIEC can be achieved in two ways. Either by selecting a material which i) supports both ionic and electronic conduction, or ii) forms a two phase composite of an ionic conductor and an electronic conductor. Selecting an appropriate MIEC is complicated by the fact that it must satisfy a number of challenging criteria. As a permeation membrane, it must i) support a high level of MIEC, ii) catalyze the appropriate reactions at the high and low pO 2 interfaces, iii) remain stable at elevated temperatures under both oxidizing and reducing conditions, iv) retain adequate strength and v) exhibit minimum chemical expansion. In single phase materials, the tailoring of properties including the ratio of ionic conductivity to the material's electronic conductivity has been accomplished by the introduction of aliovalent doping elements creating point defects which facilitate the diffusion of charged species. Microstructural modifications including grain size effects have also been found to ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 192.33.240.95 Downloaded on 2013-09-16 to IP affect MIEC characteristics. 30, 31 The model oxygen ion conducting system CeO 2 displays a drastic increase in electronic conductivity of nanocrystalline samples due to a decrease in the energy required for reduction of nanometer size cerium oxide and space charge effects at the grain/grain boundary interface. 32 Brinkman recently demonstrated the feasibility of utilizing nanocrystalline CeO 2 as an oxygen separation membrane with the microstructural feature of grain size as a design "tool." 33 Despite these advances, a comprehensive design methodology taking into account membrane composition, microstructure and morphology has not yet been developed. The approach of many groups, including our own for membrane design is to use dual phase (composite) membranes. The inherent flexibility of multiphase systems makes it more feasible to tune the various properties needed to satisfy the set of stringent chemical, electrical, thermal and mechanical properties of the MIEC. The following sections describe composite MIEC membranes structure, function, traditional characterization and the HeteroFoaM approach to membrane design.
Material property characterization.-Composite MIEC membranes consist of two contiguous phases, an ion-conducting phase and an electronic conducting phase. In this work, Ce 0.8 Gd 0.2 O 2 was chosen as the ion-conducting phase and CoFe 2 O 4 was selected as the electronic conducting phase. This system has limited reactivity between constituent phases, demonstrates high oxygen flux and stability under reducing environments and serves as a model system for general composite membrane studies. 43 Transport (permeation) of oxygen occurs as a coupled transport of ions and electrons. The overall process is divided into three steps: 
The description above is formally described by considering the Wagner description of oxygen flux given in Equation 1:
where JO 2 is the permeation flux of gas (O 2 in this case) mol/m 2 s, F is the Faraday constant, R is the gas constant, σ e and σ i are the electronic and ionic conductivities and PO 2 ′ and PO 2 ′′ are the gas partial pressure on the oxygen rich and oxygen lean sides of the membrane respectively. The factor γ is derived from the introduction of a "characteristic length, L c " below which the flux does not increase with sample thickness reduction. A schematic depicting oxygen separation membrane functions and principles is displayed in Figure 6 . In addition, it is seen that Equation 1 predicts the flux is inversely proportional to the membrane thickness. However, the actual oxygen flux is also a function of the surface kinetics/oxygen reduction reaction. With decreasing thickness of membranes aimed at higher gas flux, surface and interfacial effects become more important and can dramatically impact membrane performance. [35] [36] [37] In typical oxygen separation membranes fabricated from conventional ceramic processing techniques this characteristic length is on the order of 80-100 µm; however nanocrystalline thin films have demonstrated increased oxygen flux with decreasing thickness down to the <10 microns. 36 Clearly microstructure has an impact on both bulk and surface transport; however the relations governing this behavior have not been established.
Experimental method.-The dual phase membranes were prepared by mixing the respective volume percent of the ionic conductive phase Ce 0. 8 
• C for 2 hours in air at a ramp rate of 2 • C/minute during heating and cooling stages. Ceramics were characterized from 10 to 90 degrees two theta on a PanAnalytical X-ray diffractometer to determine phase formation. The sintered microstructure and chemical composition were investigated on a Hitachi instrument equipped with Energy Dispersive Spectroscopy (EDS). The conductivity measurements were performed on Pt coated ceramics surfaces. Pt paste, grade 5542 (ESL Inc.) was applied, dried at 110
• C for 10 minutes and annealed to 950
• C for 10 minutes at with a ramp rate of 5
• C/min. The conductivity and dielectric response was measured over a wide temperature range (20 • C-1200
• C) and frequency (3 µHz-20 MHz) range in several gas environments using a Novocontrol broadband spectrometer. Gas was provided to the feed and permeates side independently at a flow rate of 50 mL/min with a gold seal used to minimize leakage. The following combinations were used: i) air/air (PO 2 0.21 atm), ii) N 2 /N 2 (PO 2 ∼ 10 −4 atm) and iii) Air/N 2 . Combinations i) and ii) were used to determine the oxygen partial pressure (PO 2 ) dependence of conductivity at equilibrium conditions. Combination iii) was effectively an in-situ oxygen transport measurement correlating changes in conductivity with oxygen ion and electron migration in the materials due to the gradient in oxygen chemical potential. Oxygen flux measurements were performed by placing the sample between two quartz tubes using a glass ring (melting point 620
• C) for gas sealing, and a metal spacer with a diameter of 5 mm to control the area of gas flux. Air at 1 atm was supplied to the bottom of the porous substrate (feed side) while flowing He (20 sccm) was supplied to the permeate side. The gas concentrations of O 2 and N 2 were measured on the permeate side using a gas chromatograph (GC323; GL Sciences Co., Ltd). The leakage of oxygen was calculated by measuring the volume of N2 gas from air on the permeate side. The oxygen permeation flux was corrected using the total measured oxygen on the permeate side minus the physical leakage of oxygen.
Results and perpectives.-The SEM determined microstructure of the 60%CGO-40%CFO composite membrane is displayed in Figure 7 . The relatively fine, sub-micron (∼500 nm) grain size observed is a consequence of the starting materials particle size of approximately 100 nm. The EDS chemical composition mapping reveals the distribution of the two phases including elemental partitioning at the interfaces resulting in potential Gd-Fe-O crystalline phases. Cation diffusion during fabrication and during long term utilization may impact the performance and stability of the membrane and is a major topic of current interest (Lein, Wiik et al. 2006 ). 38 Figure 8 displays the oxygen permeability (mol/m s) of the 0.6CGO-0.4CFO composite membrane in this work compared to literature values for ceramic-ceramic and ceramic-metal composite membranes indicating the appreciable oxygen transport at temperatures in the 800-900
• C range. All of the flux data utilized in Figure 8 were taken for membranes where bulk diffusion was dominant with thickness greater than 0.5 mm and under similar PO 2 gradients (air feed to inert gas sweep). Normalized flux values, referred to as the material's permeability (mol/m s) were obtained by taking the product of the oxygen flux with the given membrane thickness. Figure 8 correlates the oxygen flux versus temperature for various ceramic/ceramic and ceramic/metal composite membranes found in literature. Graphical representations of oxygen flux serve as a useful summary of the available data; however they do not function well as a design tool. In addition, little evidence is available on the impact of microstructure and morphology on the bulk and surface oxygen transport. Clearly, a design 66 methodology is required to tailor membrane composition, microstructure and morphology toward performance requirements for a given application.
Dual phase MIEC membranes are also functional dielectrics that conduct ions or electrons as a function of available conduction species and temperature. Heterogeneous MIECs display conduction characteristics that are also highly dependent on morphology and local geometry. Dielectric materials can be poor conductors of electricity, but are often efficient supporters of electrostatic fields so that their capacitive behavior contains much information about their fundamental character and function. Broadband dielectric spectroscopy (BDS) (with excitation in the 10 −6 to 10 12 Hz range) is a robust, well established and well annotated field of science and technology that studies the dynamics of bound (dipole) and mobile charge carriers as a function of applied conditions. 54 The present work attempts to use that foundation to establish the effect of morphology and local interfaces on MIEC functionality in membranes. Figure 9 presents the BDS determined conductivity versus frequency and oxygen partial pressure driving force for three different mixtures of CGO-CFO. An increase in total conductivity with an increase in the volume fraction of the electronic conductive phase (CFO) is observed. From Equation 1, an increase in the electronic conductivity should lead to an increase in the oxygen flux if the ionic conductivity of the mixture is maintained bulk oxygen diffusion is dominant. However, as we further increase the volume fraction of electronic conductive material, we concomitantly reduce the fraction of material available for oxygen ion conduction which leads to a reduction in oxygen transport. In addition, the concept of volume fraction of a given material is misleading and imprecise for the present case; one could envision a microstructure design with a thin, contiguous electronic conductive phase extending across the membrane thickness. This could result in a composite membrane with a low volume fraction of electronic conductor possessing a larger total conductivity than alternative microstructures. From the preceding discussion, there arises a need to develop a new framework for membrane design taking into account the microstructure, interfacial and emergent properties of MIEC materials.
The HeteroFoaM approach for membrane design.-Dense composite membranes provide a convenient starting point for the development of multiphysics models. Measurements of transport properties including oxygen flux, and constituent material properties such as permittivity and conductivity as a function of material composition and microstructure can be directly incorporated into the modeling effort in order to guide the design of optimal heterogeneous functional materials in the following manner.
Dual phase membranes like those presented in Figure 7 with varying volume fraction, microstructure and morphology are currently being fabricated by varying the annealing temperature and sintering rate of non-equilibrium densification techniques such as Spark Plasma Sintering (SPS). 39 The resulting microstructure will be evaluated the X-ray nanotomography (XNT) synchrotron technique to get the 3D structure of "dual phase" membranes. Comsol simulations with the XNT determined microstructure will be performed using the individual material constituent properties (conductivity, permittivity) determined from BDS analysis under the appropriate boundary conditions including varying oxygen partial pressure. The predicted "composite" membrane performance will be compared with the experimentally determined properties (conductivity, flux) with differences analyzed in terms of emergent properties and interface contributions. These results as a function of volume fraction of mixtures and microstructure can be used to develop a modified Wagner equation with microstructural variables. An oxygen flux model will be developed and validated with several dual phase compositional and morphology variations. This model will be used to predict the optimal composition, and morphology for a given material system. This approach of using atomic level inputs and intrinsic single phase materials properties combined with actual microstructure and measurements enabling the output of constitutive "properties" of the dual phase system that can be used in global balance equations such as the Wagner relation for oxygen flux is the essential feature of HeteroFoaM material design concept and is graphically depicted in Figure 2 describing HeteroFoaM as a foundation concept. This work is in progress.
Meso-design for Charge Storage and Polarization Management in Heterogeneous Functional Materials
Fundamentally, every heterogeneous material is dielectric. Unless the conductivity and permittivity of adjacent phases are identical, individually and respectively, there is a disruption of charge transfer at the boundaries and some internal polarization. The consequences of this pervasive effect are profound and fundamental to the design of heterogeneous material systems. This is especially true when the constituents are functional, i.e., when they operate on the applied fields in some way. Electrochemical activity, diffusion driven by chemical potentials, and many conduction mechanisms are examples of such functionality.
Non-faradaic polarization and charge storage.-"Polarization curves" are universally used to describe the operation of fuel cells. They provide a useful measure of the quality of a given fuel cell, with largely non-specific information about the reasons for the limitations on that performance. 40 Figure 10 shows a typical schematic example of such a curve, although it should be noted that the features depicted there are not universal. Heterogeneity of materials is a major driver for the losses observed in such a characterization, perhaps second only to activation losses. This device-specific illustration identifies two important observations in the present general context. Since heterogeneity is a design parameter, it is important to understand and control the losses driven by heterogeneity in such systems, and, in other cases, it is perhaps more important to understand how to design heterogeneity to exploit its capability to create polarization to store charge and energy (one of the grand challenges of our times).
To isolate that discussion, we consider the non-faradaic aspects of the effect of heterogeneity on charge storage and polarization. In fact, there is a strong foundation of earlier work to support this discussion. 41, 42 Figure 11 illustrates this distinction, from some of our earlier work. 43 For an operating SOFC, the polarization losses increase with operating time, as shown in Fig. 11a , as expected. For that same cell, measurements of the capacitance were made with nitrogen flowing on the anode and no current flowing through the cell; all other operating conditions were maintained. The results of the capacitance measurements are shown in Fig. 11b . Two aspects of the results are particularly striking. First, the magnitude of the capacitance of this small button cell is remarkably large; the units on the ordinate of Fig. 11b are in Farads. Indeed, every fuel cell is a capacitor; if it were not, we would have no current through the external circuit. Second, the magnitude of the non-faradaic changes in capacitance of the fuel cell associated with the polarization changes are large, nearly half an order of magnitude on that logarithmic plot. So while the performance of the fuel cell is changing by a fraction, the nonfaradaic polarization is changing by a factor. The common feature at the foundation of these observations is the effect of variations in the nano-to meso-heterogeneity of these materials during service. This remarkable sensitivity of non-faradaic dielectric response to local morphology has been noted in another context in earlier publications. 44 Our present purpose is to show that there is a strongly emergent character to dielectric charge storage in heterogeneous materials, and that the science foundation for this is based on local field interactions in some cases. To demonstrate this feature, we use a closed form, embedded boundary method developed in our laboratory to calculate the local surface charge stored at the boundaries of an "inside" phase embedded in an "outside" matrix. Further, we take advantage of the robustness of this approach to consider non-dilute solutions of such particles for which the included phase particles have boundaries arbitrarily close to the representative volume elements, so that neighboring particles create local fields that interact with each other, i.e., we are able to create a heterogeneous material with interacting particles in the presence of an applied electric field. A summary of the formulation follows.
Consider the physical problem in which a dielectric particle is immersed in a continuous phase in a general AC electric field. The continuous phase (dispersion medium) has an arbitrary dielectric constant ε o and conductivity σ o , where the superscript "o" represents "outside" of the particle, while the dielectric particle has an arbitrary dielectric constant ε i and conductivity σ i , where the superscript "i" represents "inside" the particle. Linear isotropic homogeneity is assumed for both the continuous phase and the particles. For a sinusoidal steadystate electric field, the phasor V of the potential inside and outside of the particle with specified conductivity, permittivity, and frequency is governed by the complex Laplace's equation
with corresponding interface conditions
where
For solutions of the potential field having the form V(x, y, z, t) = Re{ V(x, y, z) exp (iωt)} [5] the total interface charge density can be written as
ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 192.33.240.95 Downloaded on 2013-09-16 to IP The general spectral analytical solutions outside and inside of a circular dielectric particle can then be written as
r n ( a n cos nθ + b n cos nθ) [7] 
n ( a n cos nθ + b n cos nθ) [ 8 ] where the factor K = ∈ O − ∈ i ∈ O + ∈ i and r p is the particle radius, yielding the total interfacial charge density in the form
The authors have presented a general spectral method for finding solutions to this equation set for various geometries. [45] [46] [47] Solutions for circular, and elliptical particles having various orientations to the applied vector electric field were found, and the extreme sensitivity of those results to the local geometry and orientation of the particles as well as to their relative conduction and permittivity values was investigated.
One example of the results of that study is shown in Fig. 12 (for circular particles). For that example, a matrix that has very low con- Figure 12 . Representative volume elements (a) used for the Physalis solution method to determine local charge storage and effective permittivity in non-dilute heterogeneous dielectric materials, [67] [68] [69] and HeteroFoaM effective permittivity (at 10 Hz) predicted for different constituent properties (b) showing emergent property characteristics. ductivity and significant values of permittivity (of the order of 6), and included particles having small but significant conduction with permittivity varied over several orders of magnitude were considered for the results shown in Fig. 12. (These values were chosen to facilitate experimental validation using epoxy matrix materials with variable densities of microcracking in moist environments.) For small values of second phase (up to 10 percent or so for this example), variations in global (effective) permittivity were small, but as one would expect, inclusions with very large permittivity increased the global value, while those with vanishing permittivity caused decreases. However, as one approaches situations in which the particles come very close to each other (0.634 volume fraction for the monodisperse assumption and 0.74 for a close-packed arrangement), the global property changes dramatically, and begins to take on extreme values, especially when the included phase is highly dielectric. It should be emphasized that there is no conduction between particles in this problem; they are not allowed to touch each other. The emergence of extreme values of global permittivity is associated only with the interactions of the local fields created by charge storage at the boundaries of the particles. In a fuel cell, these local polarizations can be detrimental if they interfere with conduction, as shown in Fig. 10 . In the case of capacitors, such extreme permittivities can provide a very effective way of storing energy. A model which captures the local constituent interactions, such as the one outlined above, is an essential tool for the design of heterogeneous material systems to manage charge storage and transport.
Emerging properties in HeteroFoaM systems.-The final point to be made in this sub-section is that the emerging property effects shown in Fig. 12 must be understood and modeled on the basis of the physics that drives the local interactions in these material systems. "Mixture" equations or other "effective property" approaches are insensitive to exactly the local effects that control and generate such emergent results. 48 In the present context, much has been written about using effective property or 'mixing laws' to represent the effective permittivity of heterogeneous materials. El Bouazzaouri, et al., discuss the limitations of such attempts in the context of the well-known Wiener's bounds derived for the harmonic and arithmetic means of the intrinsic permittivities. 49 Such discussions are limited to volume fractions of second phase that preclude local interactions and resulting emergent properties. But emergent behavior is easily demonstrated for even simple situations. The data in Fig. 13 were recorded in our laboratory for 40 µ carbon flake material embedded in epoxy with various volume percent concentrations. Such non-dilute mixtures show sharply emergent properties, not bounded by the intrinsic constituent values, as demonstrated by those data. It should be mentioned that the real part of the conductivity of the 30% mixture is still of the order of 10 −7 S/cm, well below a "conduction threshold." -The meso-design of heterogeneous electrode materials for energy conversion or storage devices, such as fuel cells or batteries, focuses on the understanding of long-term polarization resistance under the diverse local conditions found in the system, within the constraints of ensuring the mechanical integrity of the layer. This task requires the knowledge of how, at any of the space scales depicted in Figure 2 , choices in the materials and their arrangement forming the heterogeneous structure, govern the behavior of a heterogeneous structure.
The recent advances of 3-D imaging techniques have promoted the rapid increase of such studies based on 3-D simulations on the geometry measured by X-ray nanotomography using a transmission X-ray microscope or serial sectioning using a focused ion beam-scanning electron microscope. 3-D simulations potentially provide the most detailed insight into the effects of the material morphology and topology on the polarization resistance. 50, 51 This is obtained at the cost of computational demands that hinder the use of these approaches (i) at scales of interest to apprehend the electrode as part of the multilayer system in a SOFC, and (ii) for predictive degradation analyzes that require further discretization in time. Methodologies for mesodesign do not have to achieve the highest level of local accuracy under given assumptions. They must ensure that the dominant phenomena are included in the analysis and treat geometrical and compositional adjustments of the heterogeneous material together. Therefore, flexibility in retrieving the knowledge gained at the other scales, adequate sensitivity to geometrical effects and capability to provide guidance within shorter time are required. This challenge warrants the development of specific approaches for rapid predictions of the polarization resistance of heterogeneous materials.
Several models for polarization resistance predictions are available in the literature. One class is built upon the analogy in the governing equations that describe heat transport and charge transport in extended surfaces. 8, [52] [53] [54] [55] A recent study of this kind has focused on the balance between transport in the bulk and surface reaction in structures with variable cross-sections. [52] [53] [54] [55] 70 Closed form analytical solutions exist for specific profiles, e.g. conical, spherical, exponential, hyperbolic or sinusoidal. 56 The simplification of the electrode structure as a periodic assembly of such elementary building blocks (see insert in Figure 14) provides the basis for analyzing the effects of simple microstructure modifications, in the light of dimensionless parameters and performance metrics similar to those applied in thermal fin analysis. This approach allows identifying regimes resulting from the trade-off between the beneficial increase of the area available for surface charge transfer reaction and the detrimental effect on bulk transport due to constrictions arising from the subsequent variation of the cross-section. Figure 14 depicts the fin efficiency as a function of the resistivity ratio, for different periodic arrangements of conical frustums. The fin efficiency is the ratio of the total current conducted by the fin to the ideal one corresponding to a uniform potential distribution within the fin, whereas the resistivity ratio is the ratio between conductive resistance within the fin and resistance to surface charge transfer. In regime A, the dominance of surface reactions result in high fin efficiency, which indicates that electrode performance would benefit from the creation of additional external surface area before the penalty caused by constrictions in charge diffusion transport prevail. Low fin efficiencies in regime C reflect the opposite undesirable situation. Structure design should therefore aim at regime B in Figure 14 , where surface charge transfer reaction and bulk transport effects are balanced. The resistivity ratio can be adjusted by modifying alone or together, the shape structure, the material or its composition. The candidate combinations of shapes and compositions can then be evaluated further from separate analyzes of e.g. their long-term chemical and mechanical stability, under the uneven and evolving local conditions typically found in energy conversion devices. Figure 14 illustrates the range corresponding to LSCF and LiFePO 4 , two typical cathode materials for SOFC and Li-ion battery cathodes, respectively, and TiO 2 a photoelectrode material for dye-sensitized solar cells, using data from the literature. [57] [58] [59] [60] This approach therefore provides location- Figure 14 . Fin efficiency as a function of resistivity ratio for SOFC cathode, Li-ion battery cathode, and dye-sensitized cells represented by periodic assemblies of one profile type for which analytical solutions exist (conical frustums). The grayscale bars indicate the approximate range in resistivity ratio, hence accessible regime, for the typical materials used for these systems.
dependent guidance for specifying together the material and geometry of any functional structure where such trade-off exist, within practically negligible computation time. Refs. 67, 69, and 70 provide the details of its applications to SOFC electrodes, Li-Ion battery cathodes and dye-sensitized solar cells. The analytical electrochemical fin modeling approach is not restricted to electrode performance analysis based on periodic structures. The building blocks for which analytical solutions exist can serve as a library of building blocks to treat real microstructures measured by XNT of FIB-SEM, with the support of a structure representation provided by partitioning each phase volume based on the skeleton edges (see Figure 15 for illustration). The morphological analysis of the individual particles supports assigning a type within the analytical solution library or proceeding with further partitioning, if required. The adequate set of metrics for this task is yet to be determined and the subject of ongoing efforts. Investigated candidates span from the surface area to volume ratio to curvature analyzes, through investigations of the cross-sections along the skeleton points and measured intra-phase interfacial contact areas. The polarization resistance is computed from the resolution of the resistive circuit problem defined by the network topology. The benefits of intentional gradual compositional changes can be assessed by assigning material properties to each particle separately. The same approach can be used for identifying and understanding the contributions to the polarization losses with higher accuracy or for degradation analyzes. The methodology is currently tested for the case of a single solid phase mixed ionicelectronic conducting electrode made of SrFe 0.8 Mo 0.2 O 3-δ (SFM), 61 before extension to multi-solid phase heterogeneous materials. SFM is a perovskite that can serve as either SOFC anode or cathode material, owing to its stability in both oxidizing and reducing environment and adequate electrocatalytic activity for oxygen reduction and hydrogen oxidation. Ref. 61 provides the details of the symmetrical cell fabrication, conductivity, surface exchange coefficient and polarization resistance measurements using electrochemical impedance spectroscopy (EIS). Cylindrical samples of the porous material with a diameter of approximately 10 µm and a height of approximately 20 µm were extracted from the symmetrical cell by a FIB preparation technique. 20 Absorption contrast imaging was performed on the TXM at beamline 32-ID-C at the Advanced Photon Source (Argonne National Laboratory). In contrast to the case of multi-solid phase materials, 21 XNT measurements were carried out at an energy of 8000 eV, which is sufficient to identify the solid SFM phase. The 3-D data were obtained after reconstructed from the 181 projections collected over 180
• and watershed-based segmentation to distinguish the solid SFM from the pore phases. Two sample volumes of 5 µm per side (200 voxels) were further extracted and partitioned for ECF and finite-element (FE) analyzes.
A particle by particle comparison between the predictions from the ECF approach and 3-D FE simulations was performed on a subvolume consisting of 100 × 100 × 110 voxels (2.5 × 2.5 × 2.75 µm) partitioned into 24 particles (Figure 15a ) and the polarization resistances computed by the ECF approach for the two sample volume of 5 µm per side were compared with the polarization resistance measured by electrochemical impedance spectroscopy (EIS) in Figure  15b . The results show that, already at the current early stage of development, reasonable agreements can be achieved without any specific parameter adjustment and that microstructural effects at a particle level are captured in the analysis. 24 The ECF approach provides decisive advantages in terms of computational demand. 24 The memory requirement for the SFM sample volume of 5 µm per side is in the range of three to four orders of magnitude smaller than that of 3-D FE simulations (∼6.5 GB RAM), whereas the solution time is about one order of magnitude lower. Test cases using the YSZ phase structure in a LSM-YSZ sample of 5 µm per side 62 comprising more than 15000 particles are completed within seconds on a standard desktop computer (dual core 3.2 GHz, 8 GB RAM). Such sample volume could not be processed by 3-D FE with our standard resources (24 GB RAM). Fast, yet accurate predictions are of crucial importance for integration into systematic approaches for rational material design based on science spanning form the nanoto the meso-scale. Computation times below a few minutes allow for compatibility with optimization procedures based on manipulations of the heterogeneous structure representations and predictive degradation analyzes to characterize the contribution of the morphology and topology to the intrinsic long-term stability of an heterogeneous material.
Conclusions and Directions for Continued Work
We have identified a new genre of heterogeneous functional materials which we call HeteroFoaM. The genre embraces and represents a class of multi-phase heterogeneous materials designed for concomitant electrochemical, thermal, and mechanical functionality. That genre forms a foundation for the rational design of multiphysics functionality across many scales of time and length to achieve prescribed performance in energy conversion and storage systems.
The essence of "HeteroFoaM" is the concept of using heterogeneous functional material systems as a "meso-material" in the global balance equations for applications such as fuel cells, membranes, and charge storage devices. Our approach is to replace material constants in the global balance equations with constitutive equations that properly combine the properties, morphologies, and (especially) the interactions of the nano/micro-constituents as a function of thermal, electrical, mechanical, and chemical applied fields, to capture the emergent properties that distinguish this genre of materials. The major motivation for this approach is the failure of effective property and mixture equations to capture not only the local physics of those constituent interactions, but also the critical influence of extrinsic factors such as shape, size, and geometry of local morphologies. If done correctly, the applied fields appear in the resulting HeteroFoaM "properties" at the meso-level, and resulting emergent properties such as mixed conduction, extreme values of permittivity, and morphology evolution can be predicted for specified operating conditions at the global level. In that sense, creating the science necessary for HeteroFoaM as a discipline creates the critical bridge required to carry atomic level science to the prediction of macro-level performance to create a knowledge based material design philosophy for the design of energy conversion and storage materials.
Hence, the creation of the HeteroFoaM concept as a genre of heterogeneous functional materials provides a foundation for the design of material systems, by framing a meso-scale problem that uses atomic and nano-scale properties in constitutive equations that represent meso-scale characteristics which then appear in the global balance equations for mass, momentum, energy and charge commonly used to create devices such as fuel cells, batteries, capacitors, and separation membranes. We have presented only a few examples of this sequence in the present paper. Much more is yet to be done, but our work to date demonstrates the utility of the methodology.
